Hippocampal place responses can be prospectively or retrospectively modulated by the animal's future or prior trajectory. Two main hypotheses explain this. The "multiple-map hypothesis" switches between different maps for different trajectories (rate remapping). In contrast, in the "buffer hypothesis," the hippocampus encodes an ongoing representation that includes the recent past and/or the impending future choice. This study examines the distribution of prospective and retrospective responses distributed along a common path in a continuous T-maze (providing all four combinations of provenance and destination) during a visual discrimination task. The multiple-map hypothesis predicts either uniform distributions or concerted shifts about a task-decision relevant point, whereas the buffer hypothesis predicts a time-limited overexpression around choice points (with retrospective responses after the central arm entry point and prospective responses nearer its exit). Here bilateral recordings in the dorsal CA1 region of the rat hippocampus show that retrospective responses were twice as prevalent as prospective responses. Furthermore, retrospective and prospective modulations have distinct spatial distributions, with retrospective primarily in the first two-thirds of the central arm and prospective restricted to the last third. To test for possible trial-by-trial remapping in relation to the two-thirds transition point, data from the first and second halves of the sessions were compared. Backward drift of path-modulated activity was significant only for retrospective, but not prospective, fields. Thus, these data are more consistent with the buffer hypothesis. Retrospective and prospective modulation would then participate in a single hippocampal representation of spatial and behavioral context.
Introduction
Hippocampal neuronal responses are correlated with the spatial position of the animal (O'Keefe and Dostrovsky, 1971) . This activity can be modulated by the rat's current trajectory (Wood et al., 2000; Griffin et al., 2007) , which is of particular interest for solving Markovian decision problems, requiring the memory of the immediate past and projecting to the imminent future (Foster and Knierim, 2012) .
Two different hypotheses could explain trajectory-modulated activity (Griffin and Hallock, 2013) . The "multiple-map hypothesis" (McNaughton et al., 1996; Redish, 2001 ) switches reference frames between trajectories. "Remapping" refers to hippocampal place response changes when the animal experiences substantial environmental changes (Thompson and Best, 1989; Muller, 1996; Fig. 1B) . Trajectory-dependent modulation would then correspond to "rate remapping" (Leutgeb et al., 2005; Wills et al., 2005) , where the firing field location remains unchanged, but the firing rate varies. On the other hand, the trajectory-modulated activity could be seen as the result of a time-limited integration (Morris, 2006) of other contextual information into the current spatial representation (O'Keefe and Nadel, 1978; Wood et al., 2000; Ferbinteanu and Shapiro, 2003; Smith and Mizumori, 2006) . Indeed, there is substantial support in the literature for a role of the hippocampus in working memory (Olton et al., 1979; Axmacher et al., 2007) , particularly in representing sequential behaviors (Wiener, 1996) . We will refer to this as the "buffer hypothesis" as it is dynamically dependent on salient events surrounding the immediate experience.
Trajectory-dependent activity can be modulated by either the destination of the animal (prospectively) or by its provenance (retrospectively; Frank et al., 2000; Wood et al., 2000; Ferbinteanu and Shapiro, 2003) . The two hypotheses would predict different distributions along a common path joining different paths.
The buffer hypothesis would predict prospective and retrospective modulations to be distributed, respectively, at the end and at the beginning of the common path (Fig. 1B) . Because of the time-limited nature of the representation, the retrospective modulation should diminish after the rat is distant from the entry point, whereas prospective modulation would only start as the rat makes the decision for and approaches the next choice point. In contrast, various forms of the multiple-map hypothesis would predict other distinct distributions and incidences of retrospective and prospective modulation ( Fig. 1 ; detailed in Discussion).
To validate these hypotheses, we examined the incidence and distribution of hippocampal trajectory-dependent activities along the central arm in a continuous T-maze. A visual discrimination (VD) task provided four possible trajectories, allowing identification of retrospective and prospective activity, in contrast with previous work using alternation (ALT) tasks (Wood et al., 2000) . Furthermore, in contrast with the plus-maze (Ferbinteanu and Shapiro, 2003 ) that detects retrospective and prospective modulations only on goal or start arms, respectively, this paradigm can determine their relative and overlapping distributions.
Materials and Methods
Animals. Three male Long-Evans rats (275-325 g; CERJ) were handled daily after arrival. Food was restricted to 14 g of rat chow per day (the normal daily requirement), whereas access to water was restricted to a 20 -30 min period daily to maintain 85% normal body weight. Rats were rehydrated for one full day at the beginning of weekends. Water restriction was ended if rats showed any sign of illness, excessive or poor grooming, or other atypical behaviors.
Housing facilities and experimental protocols followed institutional (CNRS Comité Opérationnel pour l'Ethique dans les Sciences de la Vie) and international (Directive 86/609/EEC; ESF-EMRC position paper 2010/63/EU; NIH guidelines) standards and legal regulations (certificate Retrospective modulation (orange) would diminish with distance from the previous choice, with prospective modulation (purple) increasing as the rat approaches the next choice point. C-E, Remapping hypothesis predictions. C, The maze is represented by two triangular maps overlapping in the central arm. Stable switching (black arrows) between maps at a single locus triggered by the cue and/or decision signals (red arrow and dashed line) is shown. Retrospective responses occur before this and prospective responses afterward so that only one map is engaged at any given time and place. D, Like C but with remapping occurring at random points (only three are shown). Retrospective and prospective activities are uniformly distributed along the common path. E, Like D, but prospective activity only appears after a delay for cue/decision signal appearance. number 7186, Ministère de l'Agriculture et de la Pêche) regarding the use and care of laboratory animals.
Apparatus and behavioral task. The T-maze central stem and top alley were 1 m long and 8 cm wide, with 2-cm-high borders. It had return arms (Wood et al., 2000) and was automated, permitting rats to perform successive trials continuously (Catanese et al., 2012) . The rat autonomously initiated each trial by exiting a return arm. There, a photodetector triggered a white striped visual cue to appear on a video screen behind one goal site indicating that the other site with the unlit monitor would provide 60 l of 0.5% saccharin water (Fig. 1) . Crossing the photodetector on the reward arm triggered cue extinction and, when merited, reward delivery. Cue position was pseudorandom: the same arm was not rewarded more than four times successively and left-right alternation was also limited to four successive trials. Thus, consistent rewards could not be obtained with working memory strategies.
Training. Rats were first familiarized with the maze for 5-7 d. Barriers prevented backtracking early in training. Choices were never forced. VD task training typically lasted 2 weeks until criterion performance of 80% was reached on 3 consecutive days. Then rats were also trained in a continuous ALT task in the absence of visual cues or in the ALT task intermittently interrupted by VD trials [reported by Catanese et al. (2012) ]. Sessions with VD trials only are reported here.
Surgery. After training, rats were rehydrated for several days, then tranquillized with an intramuscular injection of xylazine (Rompun, 0.1 ml) and deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (40 mg/kg), with additional doses hourly or as needed. Body temperature was maintained at 38°C. The animal was fixed in a stereotaxic instrument with dull ear bars. Xylocaine solution was injected under the scalp, which was then incised and retracted to expose the skull surface. Jeweler's screws were inserted and fixed with dental cement. The multiple electrodes (connected to a multiple microdrive assembly) were implanted above CA1 (AP, 3.5 mm; ML, 2.5 mm relative to bregma; depth, 1.5 mm). A conical screen of fine copper mesh was fixed around the headstage to reduce electrical and mechanical artifacts. One to two weeks after surgery recovery, animals were retrained in VD until returning to 80% correct performance; then recording experiments commenced.
Electrophysiological recording. The multichannel microdrive (Fig. 2 , top right) included 16 independently drivable tetrodes (four twisted, insulated, 12.5-m-diameter nichrome wires, gold plated to 300 -500 K⍀ impedances). Tetrodes were lowered gradually until reaching the pyramidal cell layer (Fig. 2 , top left). The headstage was connected to two 32-channel unity-gain preamplifiers (Noted Bt; Pécs). Signals were amplified 1000ϫ, filtered between 1 and 9000 Hz (Lynx-8; Neuralynx), digitized at 20 kHz, and stored (Power1401; CED). Two LEDs were mounted above the headstage (video sampling at 30 Hz). KlustaKwik and Klusters (klusters.sourceforge.net) isolated single-unit activity. Cells were discarded for Mahalanobis distances Ͻ10 and/or autocorrelograms with incidences of spikes in the refractory period (2 ms) exceeding 0.5%. Neurons were eliminated from analyses if average firing rates in reward and return arms exceeded 0.5 Hz, action potential duration from the peak to baseline return was Ͻ0.3 ms, or autocorrelogram values at Ϯ300 ms exceeded 70% of the maximum (Fig. 2) . Only those principal neurons with discharge rates exceeding 1 Hz in the central arm were considered for further analysis. To confirm recording sites, electrolytic marking lesions (cathodal current: 20 A, 10 s) were applied to each tetrode. A lethal dose of pentobarbital was administered; then intraventricular per- Analyses compared spike density functions to obtain the function of firing rate difference (FfrD) for both prospective and retrospective groups (Fujisawa et al., 2008; Catanese et al., 2012) . We determined statistical threshold by 5000 randomly bootstrapped permutations of the data. If the FfrD (Fig. 3, orange trace) exceeded the global and pointwise bootstrapped confidence interval limits (Fig. 3, dashed lines Right, Left minus right differences (FfrdD) for prospective (purple trace) and retrospective (orange trace) analyses. The inner dashed blue line is the global confidence limit (␣ ϭ 0.05) derived from the Monte Carlo bootstrap analysis, and the outer dashed green line is the pointwise confidence limit. The shaded zone corresponds to the significant retrospective activity; the prospective activity is not significant. Horizontal dashed lines delimit the zone where trajectories did not diverge. Data outside this zone is dark gray. B, Prospective modulation with the significant zone shaded in purple.
considered significantly different from chance. This nonparametric method was selected since it requires no assumptions about the underlying distribution of the data set; rather, it is suited for any such distribution, which could vary between cells, sessions, and animals. Furthermore, it permits smaller bin sizes, providing greater spatial resolution than comparable approaches.
Segments of the maze where paths diverged significantly were identified similarly using the bootstrap analysis of Fujisawa et al. (2008) . Speed and head-direction differences on compared trajectories were examined with a t test ( p Ͻ 0.05).
Results
In the 19 sessions where well discriminated neurons were recorded, the rats' performance level in the VD task was 95.0 Ϯ 5.8% correct, with no errors in eight of these sessions. Principal neurons constituted 893 of the total of 1106 recorded neurons. Of these, 239 had firing rates Ͼ1 spike/s in the central arm of the T-maze. Thirty-two cells were excluded because in those sessions, the respective trajectory types had differences in lateral position, head direction, or speed. In 80 (38%) of the remaining units, there was trajectory-modulated activity, with 58 (72%) of these retrospective and 22 (28%) prospective. Figure 3 shows examples of retrospectively and prospectively modulated activity with raw data for each trajectory type and results of the Monte Carlo bootstrap analysis indicating where retrospective or prospective activity significantly exceeded the confidence limits. Data before the 25 cm mark and after the 75 cm mark were excluded because of divergent paths. Figure 4 shows the distributions of prospective (violet) and retrospective (orange) responses. For each 1.75 cm segment of the central arm, Figure 4 indicates the proportion and number of cells that were significantly retrospective or prospective there (of the 239 cells active in the central arm). The two distributions are clearly distinct, with minor overlap between 55 and 75 cm. There is only retrospective activity on the first half of the central arm, whereas prospective activity is prevalent in the last third (beyond 65 cm) of the central arm. Indeed, the center of mass of the distribution of retrospective responses was at 31.1 Ϯ 3.9 cm along the central arm, significantly different from the center of mass of prospective cells at 69.6 Ϯ 3.9 cm ( p ϭ 1.19E-11, twotailed Wilcoxon-Mann-Whitney test).
If there were consistent remapping at a fixed point on the common path (Fig. 1C) , the drifts of place fields over the course of the recording session observed by Mehta et al. (1997) should be the same for prospectively and retrospectively modulated fields. We repeated the analyses independently for data from the first and second halves of each session (referred to as "early" and "late" groups of trials). The centers of mass of the retrospectively modulated cells drifted backward by 1.4 Ϯ 0.3 cm between the early and late trials (significantly different from zero; p ϭ 3.2E-4, Wilcoxon signed rank test), whereas prospectively modulated cells shifted only 0.2 Ϯ 0.3 cm, not significantly different from zero ( p ϭ 0.93, Wilcoxon signed rank test). If there were consistent remapping at a point on the central arm, both distributions should have shifted together and in the same direction. Instead, the shifts observed were significantly different between retrospective and prospective distributions ( p ϭ 0.035, two-tailed MannWhitney U test). Thus, the intrasession drifts of retrospective but not prospective activity is more consistent with the buffer hypothesis.
Discussion
The main novel observation here is the distinct but overlapping distributions of retrospective and prospective modulations of hippocampal CA1 principal neurons along a common path joining two distinct paths. In this continuous T-maze, the retrospective modulation dominated the first half of the central arm and was twice as prevalent as prospective activity, which dominated the last third. In the intermediate zone, the two distributions overlapped in similar proportions, although some retrospective fields extended to the 75 cm limit. Prospective and retrospective centers of mass were separated by 38.5 cm, consistent with the buffer hypothesis that proposes that the trajectory-modulated activity is a time-limited representation of the ongoing experience. Considering this modulation as contextual rather than a spatial representation (Wood et al., 2000) , information about the arrival path would be more relevant after entry into the common path than when exiting it. This would maintain the most recent trajectory (i.e., left or right) in the working memory buffer (Baddeley, 2000) . Similarly, it would be more relevant for a contextual buffering representation to have prospective modulation where the future choice is imminent. In one version of the remapping hypothesis (Fig. 1C) , entry into the central arm and the simultaneous visual cue presentation there could have consistently triggered remapping at a single point on the central arm, perhaps with a delay for cue or decision signal transmission. (Before this point, prospective activity might reflect a possible spontaneous choice by the rat before arrival of cue signals.) Since in situations where there are no cue conflicts the hippocampal neuron population only represents a single map at a time, after this point only the two prospective maps (and the corresponding remapping/modulation) would appear (Olypher et al., 2002; Jackson and Redish, 2007; note that "overdispersion," i.e., shifting between two hippocampal representations, occurs more rapidly than the delay between sequential arrivals of our rats at the central arm, and these too would be expected to be uniformly distributed in space). Our observations of an overlap between retrospective and prospective modulation and the inexplicably late appearance of prospective activity are inconsistent with this. Furthermore, the backward drift of retrospectively but not prospectively modulated fields is also incongruent with remapping. The backward shift of the retrospective fields is consistent with observations in rats running on triangular and rectangular tracks (Mehta et al., 1997) , whereas the failure of prospective fields to drift supports their role as a contextual buffer with the impending behavioral choice overcoming any backward shift.
Alternatively, if the trajectory-dependent responses corresponded to rate remapping at a position along the central arm that changed unpredictably on each trial (Fig. 1D) , uniform distributions of prospective and retrospective responses would have been expected since both global and rate remappings occur rapidly and both maps have homogeneous representations before and after the switch (Muller, 1996; Leutgeb et al., 2005; Wills et al., 2005; Jezek et al., 2011) . If the rat had not made a spontaneous choice before cue onset, there would be no prospective modulation until the decision signal could be integrated into prospectively modulated responses (Fig. 1E) . Only retrospective responses would appear during this delay, and retrospective and prospective responses would be uniformly distributed afterward. However, in a version of this same maze with cue onset at the 50 cm point (Catanese et al., 2012) , prospective responses began 300 ms after cue presentation. Rats ran at 35-45 cm/s and thus traversed a distance of about 12 cm between cue onset and decision signal appearance. In contrast, prospective responses did not appear until much later, at least 55 cm after cue presentation. This failure to observe prospective responses earlier on the central arm is not attributable to insufficient sampling since numerous retrospective responses were observed before this point.
We observed a disproportionate incidence of retrospective (26%) relative to prospective (11%) responses, confirming the results of Ferbinteanu et al. (2011) in a plus-maze with 42% retrospective and 23% prospective. The functional significance of this is unclear. Surprisingly, a similar result has been observed in ensembles of eye-movement directional neurons in the dorsolateral prefrontal cortex of monkey (homolog of rat mPFC): "the majority of directional delay-period activity represents retrospective information, whereas the minority represents prospective information" (Funahashi, 2006) . Furthermore, as observed here, the retrospective representation preceded prospective fields. These similarities could reflect some common principle of representations of past and future events, or signaling shared between hippocampus and PFC (Ringo et al., 1994; Rolls et al., 1997 ; note that oculomotor correlates of hippocampal activity have been observed in primates). The PFC is strongly implicated in working memory and could be crucial to generate these timelimited activity modulations in the hippocampus. Supporting this, Ito et al. (2013) showed that optogenetic inactivation of the nucleus reuniens relay from PFC to hippocampus eradicates trajectory-dependent modulation. Behaviorally, Kesner (1989) showed that experimental lesion of the PFC induced significant impairment in switching from a retrospective to a prospective strategy in rats performing a win-shift task on a 12-arm radial maze.
These observations were possible only because the present task permits simultaneous and overlapping presence of retrospectively and prospectively modulated place activity along a common path. In contrast, the plus-maze paradigm (Ferbinteanu and Shapiro, 2003) only can identify prospective modulation in the start arm and retrospective modulation in the goal arm. Continuous alternation does not distinguish between retrospective and prospective activity, and the T-maze without return arms (Ainge et al., 2012; Griffin et al., 2012) and the multiple Y-maze (Ainge et al., 2007) require manual displacement of the animal from goal to start positions, interfering with retrospective modulation.
Is there a relationship between the successive distinct distributions of retrospective and prospective activities on the central arm and the observation by Gupta et al. (2012) that sequences of simultaneously recorded hippocampal place cell spike activity within a theta cycle could represent a segment of the environment located ahead of (prospective theta sequence) or behind (retrospective theta sequence) the rat? Their prospective sequences appeared during acceleration, which occurs at the beginning of the central arm in the continuous T-maze, where we observed retrospective modulation. The inverse discrepancy appears at the end of the central arm. Thus, it is unlikely that there is a relationship between prospective and retrospective activity in theta sequences and trajectory modulation of place responses.
Overall, the present results favor the buffer hypothesis over the multiple-map hypothesis. This buffer could be engaged for representing ongoing behavioral information for contextual coding and is also consistent with a role for the hippocampus in working memory (Olton et al., 1979; Pastalkova et al., 2008) . A question for future research concerns the third quarter of the track, where there is indeed an overlap between the two representations. Does this overlap provide additional information for contextual representations? Does it extend further when the central arm is longer or running speeds are faster? If not, then this would indicate that this overlap is simply related to the persistence of the retrospective modulation over a fixed time period. Alternatively, the continued presence of overlap could be related to simultaneous representation of past, present, and future events.
